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Abstract 

Female carriers of DMD gene mutations may be symptomatic and show variable skeletal as well as cardiac muscle symptoms. Skeletal 
muscle can exhibit morphological alterations. However, inflammatory, degenerative and fibrotic changes as seen in Duchenne boys have 
not been specifically analysed yet, so we addressed the question whether skeletal muscle of female carriers show such alterations. Thirteen 
carriers with an age range of 3 to 50 years were studied retrospectively. Five out of 13 women had clinically affected relatives. Clinically, 
most women showed mild muscle weakness, while the CK levels were increased in nine of them. Histomorphological analyses highlighted the 
typical mosaic pattern of dystrophin-positive and -negative fibres. Regenerating fibres were diffusely scattered and focally pronounced, while 
endo- and perimysial fibrosis was a variable but constant feature. Infiltration of CD206 + TGFß+ macrophages and scattered T cells was noted 
in the endomysium. TGFb and CCL18 , were significantly increased. However, gene expression of markers involved in Th1/Th2 immunity 
did not reach statistical significance compared to non-diseased controls. In summary, skeletal muscle of clinically manifest female DMD 

gene mutation carriers shows mild fibrosis and increased regeneration associated with endomysial CD206 + TGF β+ and STAT6 + macrophages, 
which are most likely involved in fibrotic remodelling. 
© 2019 Elsevier B.V. All rights reserved. 
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. Introduction 

Duchenne muscular dystrophy (DMD) is an
-chromosomal recessively inherited disease, which affects
oys from early childhood on. Loss or severe reduction
f dystrophin protein induces a plethora of different
hysiological mechanisms finally leading to myofibre 
ecrosis, atrophy, structural abnormalities, loss of homeostatic
unctions, and exhaustion of satellite cells. Over time,
keletal and cardiac muscles undergo structural remodelling
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ith development of fibrosis and fatty tissue replacement.
n addition, immuno-inflammatory processes within muscle 
issue are active, mostly during early stages of disease [1,2] . 

The destruction of skeletal and cardiac muscle leads to
rogressive loss of mobility and subsequently, most boys
ecome wheelchair-bound in their early teens. Over the
ast years, various therapies, mostly aiming at restoration
f dystrophin expression, have been developed in model
rganisms and are currently employed in trials [3–5] . 

Females may also be affected by mutations of the
MD gene, however, the second healthy X-chromosome

an compensate for this defect in most cases. Most female
arriers of Duchenne gene mutations are asymptomatic, but
–17% may manifest features of skeletal or cardiac muscle
nvolvement [6–8] ). Among asymptomatic carriers affected
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male relatives are often the first hint for their so-called ‘gene
carrier’ status. Besides the development of skeletal muscle
weakness as an isolated symptom, the carriers may also
develop heart disease over time. This might lead to severe
life-threatening problems; hence, thorough examination of
skeletal and heart muscle is necessary for early diagnosis of
this condition. 

Typically, skeletal muscle exhibits a mosaic-like pattern
of muscle fibres with reduced levels of dystrophin protein
expression due to skewed X-inactivation with a less prominent
myopathic/dystrophic pattern and less focal regeneration
compared to that in affected boys. 

In our study, we aimed at examining skeletal muscle
biopsies of female carriers, focussing on immuno-
inflammatory events and degenerative, fibrotic processes.
Although rare, disease progression in affected females might
worsen in skeletal and cardiac muscles and require treatment.
Hence, we wanted to define key disease mechanisms, which
could enable therapy. 

2. Material and methods 

2.1. Female carriers and biopsy specimens 

We analysed cryopreserved skeletal muscle biopsy
specimens from 13 female carriers with mutations in the
DMD gene in comparison to non-diseased control biopsy
specimens ( n = 3). Women showed disease specific symptoms
( n = 11), like manifest muscle weakness, elevated CK levels,
cardiomyopathy and/or delayed developmental milestones.
Two of them suffered from non-specific complaints such as
fatigue or cramps, muscle pain [9,10] . In women without
distinct symptoms, first- or second-degree relatives (e.g. son
or brother) were affected by DMD; genetic analysis and
muscle biopsy were performed to confirm a potential, yet
unknown affection in these women. The available clinical
information is summarised in Table 1 . Non-diseased control
(NDC) biopsies comprised three adult female patients with
non-specific muscular complaints, which had led to muscle
biopsy. Controls had normal clinical findings, normal serum
CK, no laboratory evidence of systemic inflammation, and
no morphological abnormalities in their skeletal muscle
biopsies. All biopsies were obtained prior to any treatment.
All specimens have been cryopreserved at −80 °C prior to
diagnostic work-up. Informed consent was obtained from
all patients. The study was reviewed and approved by the
institutional ethics board of the Charité (No. EA1/204/11 and
No. EA1/170/11). 

2.2. Histology, enzyme histochemistry, and 

immunohistochemistry 

Seven μm thick cryostat sections were stained by
routine stains, enzymehistochemical preparations and
immunohistochemical stains: Gömöri Trichrome, ATP-ase at
pH 4.6, CCL18 (Lifespan, polyclonal, 1:100), CD4 (Zytomed,
clone SP35, ready-to-use), CD8 (DAKO, clone C8/144B,
:100), CD20 (DAKO, clone L26, 1:200), CD68 (DAKO,
lone EBM11, 1:100), CD45 (DAKO, clone 2B11, 1:400),
D138 (DAKO, clone MI15, 1:30), CD206 (Acris, clone
–450, 1:500), CollagenVI (Chemicon, clone VI-26, 1:200),
5b-9 (DAKO, clone aE11, 1:200), Dystrophin 1 (Novocastra,
lone Dy4/6D3, 1:10), Dystrophin 2 (Novocastra, clone
y8/6C5, 1:10), Dystrophin 3 (Novocastra, clone Dy10/12B2,
:5), MHC class I (DAKO, clone W6/32 1:1000), MHC
lass II (DAKO, clone CR3/43, 1:100), neonatal MyHC
Novocastra, clone NB-MHCn, 1:20), STAT6 (R&D, clone
53906. 1:50), TGF β (Abcam, clone 2Ar2, 1:30), and
trophin (Novocastra, clone DRP3/20C5, 1:10). 
Stains were performed using the iVIEW-Ventana DAB

diaminobenzidine)-Detection Kit (Ventana, Tucson, Arizona,
5755 USA). Appropriate biotinylated secondary antibodies
ere used, and visualization of the reaction product was

arried out on a Benchmark XT immunostainer (Ventana)
n a standardised manner. Omission of primary antibodies in
ontrol sections resulted in absence of any cellular labelling
nd demonstrated specificity of the primary antibodies. In
ddition, we used normal muscle tissues as negative control
or physiological internal control e.g. staining of MHC class
 positivity of capillaries) for all reactions. 

Immunostaining for fluorescent markers was performed
n staining chambers after fixation in acetone for 10 min.
he sections were then blocked with the appropriate serum

1:10 in PBS) dependent on the source of the secondary
ntibody, and incubated with the afore-mentioned primary
ntibodies over night at 4 °C or for 1 h at RT. After a
ashing step, the secondary antibody was added for 1 h. For
ouble immune staining of CD206 and neoMyHC, CD206
nd MHCII, CD206 and STAT6, and CD206 and TGFß, with
he purpose to show co-localisation of two cellular structures,
he above-mentioned protocol was performed using the first
rimary antibody and afterwards the same protocol was
epeated with the second primary antibody and appropriate
econdary antibodies. After a final washing step, the sections
ere aqueously mounted and stored at 4 °C. 

.3. Cell counts 

For quantification of CD4 

+ or CD8 

+ T cells, CD20 

+ B
ells, CD138 

+ plasma cells, and CD68 

+ as well as CD206 

+ 

acrophages, we performed cell counts of 10 high-power
elds (one high-power field is defined as 0.16 mm 

2 ) of each
iopsy specimen. The average number of cells per high-power
eld per case is displayed. 

.4. Quantitative real-time polymerase chain reaction 

qPCR) 

RNA was extracted from whole muscle tissue using the
rizol/chloroform method, according to the manufacturer’s
nstruction (Invitrogen, Carlsbad, CA, USA). Thereafter, RNA
as re-suspended and the concentration of total RNA was
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Table 1. 
Clinical data of female carriers with mutations in the DMD gene. 

age CK-fold 
change 

Symptoms Family history Type of 
mutation 

Biopsy 
location 

Classification 

Female carrier 
Patient 01 6 33x no specific complaints, general 

discomfort/fatigue, no objective muscle 
deficit, elevated transaminases, high CK 

levels 

unknown deletion unknown mfC 

Patient 02 12 1,0 easily exhausted, muscle pain, headache, 
stomach pain, CK normal 

unknown deletion M.quad afC 

Patient 03 32 increased weakness, low resilience, cardiomyopathy, 
CK increased 

affected 
relative 

point mutation M.delt mfC 

Patient 04 50 13,0 muscle weakness, muscle pain, reduced 
hearing capacity, increased CK level 

empty unknown M.quad mfC 

Patient 05 12 66,0 mildly impaired dorsal extension of both 
feet, adipositas, contractures, secondary 
cardiomyopathy, high CK levels 

affected 
relative 

point mutation M.quad mfC 

Patient 06 3 unknown no specific complaints, general 
discomfort/fatigue 

empty point mutation M.quad afC 

Patient 07 4 8,6 no specific complaints, general discomfort, 
CK mildly elevated, incomplete right 
bundle branch block 

affected 
relative 

unknown M.quad mfC 

Patient 08 10 30,6 high CK level, no further symptoms known affected 
relative 

deletion M.gast mfC 

Patient 09 8 20,0 developmental retardation since birth, 
reduced learning abilities ∗, mild bilateral 
contractures of hips, high CK level 

empty deletion M.quad mfC 

Patient 10 17 13,6 muscle pain, delayed speaking abilities ∗, 
increased CK level 

unknown unknown M.quad Mfc 

Patient 11 14 40,8 contractures, high CK level affected 
relative 

point mutation M.quad mfC 

Patient 12 26 3,0 muscle pain, swelling of fingers, knees, 
muscle weakness while climbing stairs, 
general exhaustion, fatigue, dilatation of 
left ventricle, mildly elevated CK level 

empty deletion M.quad mfC 

Patient 13 25 7,7 muscle weakness, muscle pain, mildly 
elevated CK level 

empty deletion M.gast mfC 

Roundup characteristics female carrier ( n = 13) 
Mean 
age 
17 
years 
(range 
3–50) 

normal 
8% 

> 1-fold 
31% 

> 10-fold 
45% 

unknown 
15% 

muscle weakness 31% 

muscle pain 38% 

contractures 23% 

cardiomyopathy 15% 

developmental deficiency ∗ 15% 

non-specific complaints ∗∗ 31% 

unknown 8% 

aff. relative ∗∗∗
38% 

empty 38% 

unknown 23% 

point mutation 
31% 

deletion 46% 

unknown 23% 

M.delt 8% 

M.quad 70% 

M.gast 15% 

Roundup characteristics non-disease controls ( n = 3) 
41 
years 
(range 
26–57) 

normal 
100% 

muscle pain 67% 

non-specific complaints ∗∗ 33% 

unknown 
100% 

M.delt 100% 

Remark: symptoms of NDC patients were subjective; we found no morphological changes or elevated blood parameter. 
M.delt = M. deltoideus; M.quad = M. quadriceps; M.gast = M. gastrocnemius; mfC = manifest female carrier, afC = asymptomatic female carrier. 

∗ first signs in young female carriers often were affected language development or motor deficiencies. 
∗∗ e.g. headache, subjective reduced hearing capacity, fatigue. 
∗∗∗ Affection confirmed via muscle biopsy findings, muscle symptoms or increased CK values in first- or second-degree relatives. 
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hotometrically determined with a TECAN fluorescence plate
eader (Tecan, Männedorf, Switzerland). The RNA was
everse-transcribed using the High-Capacity cDNA Archive 
it (Applied Biosystems, Foster City, CA), according to

he manufacturer’s protocol, using 2 μg of total RNA per
ample (as previously described [11] ). For qPCR reactions,
 ng of cDNA were used. All experiments were run as
riplicates and each run contained the reference gene ( PGK1 )
s internal control. The expression (meaning Ct value) of
his reference gene was comparable in all analysed samples,
ncluding non-diseased controls, and unaffected by duration
f the disease. To exclude loading differences and variations
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between different runs all target genes were normalised
to expression of PGK1 . For analysis, the 7900HT Fast
Real-Time PCR System (Applied Biosystems, Foster City,
CA) was used. Running conditions were as follows: 95 °C
0:20, 95 °C 0:01, 60 °C 0:20; 45 cycles (values above 40
cycles were defined as not expressed). The qPCR assay
identification numbers are as follows: 

CCL17 : Hs00171074_m1; CCL18 : HS00268113_m1;
CD301 : Hs00197107_m1; cox2 : Hs00153133_m1;
IFNG : Hs00989291_m1; IL4 : Hs00929862_m1;
IL4R : Hs00166237_m1; IL5 : Hs01548712_g1; IL10 :
Hs00961622_m1; IL12B : Hs01011518_m1; IL13 :
Hs99999038_m1; IL27R : Hs00175472_m1; MRC1 (CD206):
Hs00267207_m1; P4HA1 : Hs00990001_m1; PGK1 :
Hs99999906_m1; STAT1 : Hs01013989_m1; STAT2 :
Hs01013123_m1; STAT6 : Hs00598625_m1; TGFB :
Hs00998133_m1; TNFA : Hs00174128_m1; VEGFA :
Hs00900055_m1. 

Data are represented as �Ct values to show gene
expression of the respective markers of female carriers,
compared to non-diseased control patients’ biopsies. All
values are presented as scattered dot blots with means and
standard deviation. 

2.5. Statistics 

Mann-Whitney U test was applied to analyse quantitative
differences of mRNA transcripts. Kruskal-Wallis one-way
ANOVA was applied to analyse cell counts, using Bonferroni
correction of the post hoc tests. The level of significance
was set at p < 0.05. Statistics were calculated with the
GraphPad Prism 5.02 software (GraphPad Software, Inc., La
Jolla, California, USA). 

3. Results 

3.1. Clinical data of female carriers with mutations in the 
DMD gene 

We have analysed 13 female carriers, who had been
identified as carriers of a mutated DMD gene, either due to
elevated CK levels and affection of a male relative or due
to manifest skeletal muscle weakness, and/or muscle cramps,
most often exercise-dependent. DNA of most of the patients
have been sequenced to determine the mutation inside the
DMD gene. It was either a deletion detected (6/13), or a point
mutation (4/13). In 3/13, we had no further information about
the specific type of mutation. 

Since we combined adult and juvenile patients, the mean
age was 17 years, spanning 3-50 years of age. The CK levels
were increased in all patients, but varied strongly between
individual patients, with values often more than 10-fold
increased (6/13). Clinically, these patients mostly complained
about muscle weakness, muscle pain, and cardiac problems. 
.2. Female carriers show a mosaic pattern of dystrophin 

oss associated with fibrosis 

To assess the involvement of skeletal muscle in disease
rogression we analysed general morphological alterations in
emale carriers. First, we demonstrated that the expression
f dystrophin protein fragments was altered in all patients
s expected, showing a mosaic pattern of dystrophin-positive
nd dystrophin-negative fibres. Since the locus of the mutation
iffered between the individuals, the binding for different
ystrophin antibodies was affected accordingly: Either the
-terminal binding site, the N-terminal binding site, or the
entral rod domain was affected (exemplarily shown by
taining with different dystrophin antibodies, Fig. 1 A–C).
arcolemmal utrophin expression with a focal character was
resent on muscle fibres in all patients, when compared
o the normal expression, which is limited to capillaries.
ocal utrophin staining demonstrates a compensating effect
or the reduced dystrophin expression ( Fig. 1 D). Additional
orphological changes comprised a widening of the

erimysium and endomysium with increased fibrosis, as
hown by Gömöri trichrome ( Fig. 1 E), EvG (not shown), and
ollagen VI stains ( Fig. 3 D). Analysis of slow and fast myosin
eavy chain stains further showed altered distribution of type I
nd type II muscle fibres with grouping of and predominance
f type I fibres reminiscent of (partial) fibre type disproportion
ATP-ase stain at pH 4.3 Fig. 1 F). 

Further stains for developmental myosin showed increased
egeneration and focally immature fibres (developmental

yHC) ( Fig. 1 G). Regenerating fibres were found especially
n areas of macrophage activity, as shown by double-staining
f neonatal myosin and CD206 ( Fig. 1 H). These findings were
ound in all of the patients independently of age or clinical
ymptoms, demonstrating that these might be independent
haracteristics. 

.3. Leukocyte infiltration and inflammatory processes are 
ildly present in DMD carriers 

Since muscle tissue of boys affected by DMD may
how prominent infiltration by inflammatory cells, mainly
omprising macrophages and T cells, we examined
nflammatory processes in muscle of female carriers.
owever, fitting to the mild overall changes in morphology,
e could only detect low numbers of inflammatory cells in
ur patients. Exemplarily, we show CD68 

+ macrophages with
iffuse distribution mostly in the perimysial areas, as well
s single CD45 

+ and CD8 

+ T cells ( Fig. 2 A–C). As cell
ounts show, the main population is composed of CD68 

+ 

acrophages, and only very few T cells are identified ( Fig.
 D). Additionally, we stained for CD20 

+ B cells and CD138 

+ 

lasma cells, but could only detect single cells in two of our
atients’ muscle ( Fig. 2 D). 

Two of our patients had no inflammation at all and might
herefore have been biopsied at a time point of disease before
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Fig. 1. Histological features of skeletal muscle of a female carrier of the DMD gene mutations 
Dystrophin staining with Dys1 (A), Dys2 (B) and Dys3 (C) reveals reduced expression in all the stains. Expression of utrophin is normally found on 
capillaries, but is slightly increased on the sarcolemma in this female carrier (D). Staining with Gömöri trichrome shows some enlargement of the perimysium 

and endomysium in some areas of the muscle (E). Distribution of darkly stained type 1 and lighter stained type 2 fibres is changed from a homogenous 
checkerboard distribution to clustering of mainly type I fibres, shown by ATP-ase at pH 4.3 (F). 
Expression of developmental MyHC demonstrates immaturity of muscle fibres (G) and double-staining of neonatal MyHC and CD206 highlights proximity 
of macrophages and regenerating fibres (H, and inset). 
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nflammatory alterations had developed or in a muscle that
as not affected. 
In addition, sarcolemmal staining of MHC class I

olecules was found on about 50% of muscle fibres
 Fig. 2 E), and decoration of the sarcolemma with the
omplement factor C5b-9 could also be detected on some
f the fibres ( Fig. 2 F). 

Gene expression of molecular markers involved in
h1- and Th2-mediated immune reactions such as IFNG ,

L27R , IL10 , IL4 , IL13 , IL4R and IL5 was not altered in
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Fig. 2. Immune-mechanisms in female carriers’ muscle parenchyma 
Overall, invasion of the skeletal muscle by immune cells was mild in our cohort of patients. The predominant cells were CD68 + macrophages (A), while 
only few T cells were detected (CD8; CD4 not shown: B). Leukocytes were also demonstrated with CD45 stains (C). Cell counts confirmed the histological 
analysis, and demonstrate that only single B cells and plasma cells are present (D). Sarcolemmal expression of MHC class I was upregulated focally on 
muscle fibres (E), while upregulation of the complement system was demonstrated by C5b-9 expression on some of the fibres (F). Co-expression of MHC 

class II (green) with CD206 (red) (G) as well as co-expression of STAT6 (green) with CD206 (red) (H) demonstrates polarisation of endomysial macrophages 
towards a pro-fibrotic phenotype. 
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Fig. 3. Development of fibrosis in skeletal muscles of female carriers 
Expression of TGF β was found on some of the immune cells (A). Co-expression of TGF β (green) with CD206 (red) shows that these cells were pro-fibrotic 
macrophages (B). CCL18 was upregulated on muscle fibres in female carriers (C) compared to NDCs (C inset). Collagen VI stained the basal lamina of 
all muscle fibres and the enlarged perimysium (D). Further qPCR analyses showed significantly increased expression of the fibrosis-associated genes TGFB , 
P4HA1 and CCL18 in comparison to female NDCs (E). 
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emale carriers in comparison to NDCs (suppl. Fig. 1 A,
). Since macrophages were the prevalent cell population,
arkers driving functional activation of macrophages were

lso analysed. We therefore tested gene expression for a more
ro-inflammatory phenotype like IL12 , TNFA , STAT1 , STAT2 ,
s well as markers for an alternative activation, such as MRC1
CD206), CD301 , STAT6 or CCL17 . The transcription factor
TAT2 was significantly elevated in comparison to NDCs,
s well as CD301 , while all other markers were expressed
t a level comparable to NDCs (suppl. Fig. 1 B, D). We
urther characterised the macrophages on the protein level,
emonstrating co-expression of CD206 with MHC class II as
ell as with STAT6 ( Fig. 2 G, H), complementing our results

n the molecular level. s  
.4. Fibrotic tissue remodelling is mild, but consistently 
resent in all patients 

Histological staining for TGF β highlighted some of
he immune cells ( Fig. 3 A), which were mostly CD206 

+ 

acrophages ( Fig. 3 B), while collagen VI strongly stained
he basal lamina and especially the strongly increased
ndo-and perimysial fibrous tissue ( Fig. 3 D). CCL18, which
s a macrophage-derived pro-fibrotic chemokine was of
articular interest, decorated most of the muscle cells of
emale carriers in comparison to NDCs, where CCL18
taining did not show any positivity ( Fig. 3 C NDC = inset).
imilar to the inflammatory alterations, some patient’s muscle
howed stronger expression of CCL18 than others. To
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further examine these changes on a molecular level, we
isolated RNA from whole muscle tissue to determine the
expression of markers associated with fibrosis. Here we
could demonstrate that the expression of TGFB and P4HA1
(Prolyl 4-Hydroxylase), which encode key molecules/enzymes
of collagen synthesis, was significantly increased in female
carriers when compared to NDCs ( Fig. 3 E). This was also
true for CCL18 in most of the patients, where levels were
significantly increased. 

4. Discussion 

In this manuscript, we show that muscle biopsies of
female carriers of a mutated DMD gene show morphological
abnormalities in addition to the mosaic pattern of dystrophin
protein loss. These consist of increased endo- and perimysial
fibrosis, presence of CD206 

+ TGF β+ and CD206 

+ STAT6 

+ 

macrophages in the endo-and perimysium, and increased gene
expression of molecules associated with fibrosis like CCL18 ,
PTGS2 , TGFB and P4HA1 . These results indicate that fibrosis
occurs during disease progression, and that it is likely driven
by specifically activated endomysial macrophages. However,
fibrosis was relatively mild. We did not observe any necrosis,
myophagocytosis and no fatty replacement in any of the
biopsies, all of which are morphological hallmarks in DMD
boys. 

Inflammation of skeletal muscle can be assumed in the case
of sarcolemmal upregulation of MHC class I of myofibres,
which are not in the process of regeneration. This is regularly
the case in inflammatory myopathies (IIM) [12–16] . We were
also able to show sarcolemmal complement deposition, which
is another feature in IIMs, and which can occur in certain
dystrophies as well (e.g. dysferlinopathies, anoctaminopathies,
FSHD, laminopathies, etc.) [17] . The main population of
inflammatory cells in the endo- and perimysium consisted
of macrophages, and they were significantly more abundant
as compared to non-diseased control subjects, which did
harbour only occasional macrophages in their muscle. We
have recently shown in skeletal muscle biopsies of patients
with immune-mediated necrotizing myopathies (IMNM),
that macrophages can have different subtypes and either
express iNOS or CD206 [18] . iNOS 

+ CD68 

+ macrophages in
IMNM were identified in active myophagocytosis and within
hyalinised early necrotic fibres, while CD206 

+ macrophages
were found in the endomysium with diffuse distribution
[18] . Here, in skeletal muscle biopsies of FCs we show
that CD206 

+ macrophages co-express TGF β and can be
identified close to foci of regeneration, which are neonatal
MyHC-positive. 

These types of macrophages have been shown to be
involved in tissue remodelling and fibrosis in the lung
of patients and of mice [19–21] . They are considered to
be activated in a way, which is at variance with the
classical pathway via IFN γ and other Th1 cytokines and
were initially called ‘alternatively activated’ [22] . However,
it has become apparent that macrophages can be activated
in many different ways, and that the spectrum is much
arger than initially reported [22–25] . In our present work,
e conclusively highlight presence of specifically activated
acrophages closely interacting with foci of regeneration

nd increased endomysial collagen VI + fibrosis. Interstitial
brosis is accompanied by increased gene expression of
rolin ( P4HA1 ) and associated molecules of the arginine
etabolism and part of the so-called ‘alternative activation’

f macrophages shown in pulmonary fibrosis [19,25–29] .
imilar activation of the above mentioned molecular pathways
as analysed in mdx mice by others [20] . It could be

hown that reduction of arginine leads to reduced fibrosis,
hile dietary supplementation with arginine increased cardiac
brosis [30] . These findings might be due to the affected
alance between different macrophage subtypes, since distinct
ubpopulations can promote muscle injury or repair [20,31] .
n addition, suppression of IFN γ e.g. by Tregs, which
re increased in mdx mice and Duchenne patients, and
ubsequent promotion of alternatively activated macrophages
educed muscle damage and improved motor performance
32,33] . 

Although in affected DMD males, the detailed analysis
f the involved immune cells is still ongoing, new insights
ndicate that they have increased numbers of CD8 

+ T cells in
he peripheral blood, which directly correlates with results of
uantitative muscle testing [34] . This finding is supported by
he effect of prednisone in Duchenne patients, which reduced
umbers of CD8 

+ T cells and concomitantly improved
uscle strength [35] . Even if further studies are needed,

ne feature in DMD patients is commonly accepted, that
s upregulation of TGFB gene expression, which is what
e also found in our female carriers. In this context, it
ight be interesting to further study the correlation of TGFB

xpression and disease state/progression, since various studies
ave shown involvement of TGFß in cardiac remodelling,
ardiac fibrosis, and heart failure [36,37] . Furthermore, it
as shown that therapies inhibiting the TGFß signalling
athways are beneficial in preventing cardiac fibrosis and
eart failure [38,39] . However, despite the fact that some
nti-TGF therapies already exist and might be a potential
herapeutic approach, until now no standard anti-cytokine
herapy for heart failure exists [40] . 

Studies about the development of muscle pathology in
emale carriers are scarce, and published results reflect mostly
ndividual cases. However, MRI studies showing increased
brosis in carriers [41] , and H&E and dystrophin stains of
uscle sections [42–44] are in line with our findings, as

ariation in fibre size, centralized nuclei, and inflammatory
ell infiltration were signs of muscle affection. Hence, our
esults significantly expand these data and add more insights
nto disease mechanisms. 

From a practical point of view, it may be important
o follow manifest female carriers over the years with
ertain non-invasive and ideally with standardised techniques
uch as clinical assessment of muscle force, MRI
nd/or echocardiography of the heart and skeletal muscle
o determine disease progression and eventually apply
herapeutic measures. 
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